Introduction: Affective changes precede cognitive decline in mild Alzheimer's disease and may relate to increased connectivity in a "salience network" attuned to emotionally significant stimuli. The trajectory of affective changes in preclinical Alzheimer's disease, and its relationship to this network, is unknown. Methods: One hundred one cognitively normal older adults received longitudinal assessments of affective symptoms, then amyloid-PET. We hypothesized amyloid-positive individuals would show enhanced emotional reactivity associated with salience network connectivity. We tested whether increased global connectivity in key regions significantly related to affective changes. Results: In participants later found to be amyloid positive, emotional reactivity increased with age, and interpersonal warmth declined in women. These individuals showed higher global connectivity within the right insula and superior temporal sulcus; higher superior temporal sulcus connectivity predicted increasing emotional reactivity and decreasing interpersonal warmth. Conclusions: Affective changes should be considered an early preclinical feature of Alzheimer's disease. These changes may relate to higher functional connectivity in regions critical for social-emotional processing.
Background
Patients with mild-to-moderate Alzheimer's disease (AD) often show strikingly preserved social sensitivity. They retain the emotional trace of film clips despite forgetting their narrative content [1] , show preserved mutual gaze with their spouses [2] , and have a heightened tendency to take on the emotions of those around them [3] . This sensitivity can have less desirable effects, manifesting as anxiety, irritability, and agitation, among the most common neuropsychological symptoms in early AD [4] . Differences in emotional reactivity may precede the onset of cognitive decline: increased midlife neuroticism, a trait indicator suggesting increased reactivity to negative emotion [5] , is associated with higher rates of late-life AD [6] . Cognitively intact individuals with preclinical AD report more loneliness than their peers, independent of objective social network measures [7] . Whether differences in emotional reactivity and social experience represent a risk factor for AD or an early manifestation of AD pathological changes remains uncertain.
Amyloid-PET is increasingly accepted as a strong early predictor of future AD. A newly positive amyloid-PET scan predicts progression to AD dementia within [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] years, based on a recent large meta-analysis [8] , and the National Institute on Aging and Alzheimer's Association workgroup defines the presence of a positive amyloid-PET scan in cognitively healthy individuals as the first stage of preclinical AD [9] . The functional neuroimaging literature suggests that AD and, more variably, preclinical AD defined by amyloid positivity are associated with decreased connectivity in the default mode network (DMN), which supports episodic memory [10] [11] [12] [13] [14] . AD is, conversely, associated with increases in connectivity, gray matter volume, and perfusion within a salience network, which responds to diverse stimuli of homeostatic relevance to the individual, including socioemotional cues [15] [16] [17] . Salience network connectivity correlates with emotional reactivity in AD [18] . The point at which salience network connectivity increases relative to the development of AD pathology remains uncertain, though cognitively healthy carriers of an apolipoprotein E (APOE) ε4 allele, the major genetic risk factor for late-onset AD, show widespread salience network connectivity increases [19] .
In this study, we sought to determine whether salience network connectivity intensification and longitudinal increases in emotional reactivity could be detected in cognitively normal amyloid-positive individuals. We studied participants of the Baltimore Longitudinal Study of Aging (BLSA), a large longitudinal aging cohort with follow-up data spanning 2 decades [20] . We hypothesized that cognitively normal older individuals found to be amyloid positive would show a trajectory of increasing emotional reactivity but preserved to increased scores on measures of interpersonal warmth, both in absolute terms and relative to amyloid-negative peers. We further hypothesized that longitudinal increases in these measures would be associated with higher global connectivity within key salience network nodes, and that these associations would be present in the absence of significant atrophy.
Methods

Participants
Participants were volunteers in the BLSA, an ongoing cohort study of older community-dwelling adults. Each participant underwent an extensive evaluation, including personality and cognitive assessments, biennially for ages 60-79 years and annually for participants 80 years and older. Those selected for analysis had additionally undergone [ 11 C]-Pittsburgh compound B (PiB)-PET (n 5 101) at the time of their most recent available study visit; of these, a subset had also undergone structural and task-free functional task-free functional magnetic resonance imaging (tf-fMRI) and were included in further analysis (Fig. 1) . BLSA research protocols were approved by the institutional review boards of the National Institute on Aging and Johns Hopkins Medical Institutions; all participants provided written informed consent before each visit. Participants selected for analysis had undergone longitudinal personality assessments for a mean of 14.0 years (standard deviation 8.1 years) before the PiB-PET session and were free of cognitive impairment at the time of their PiB-PET and magnetic resonance imaging (MRI) sessions by clinical consensus based on review of clinical and neuropsychological assessments [21] . Between-group demographic variables were compared using Welch's t-test and c 2 tests as appropriate.
Assessment of emotional reactivity and interpersonal warmth
Personality was assessed using the self-report version of the revised NEO Personality Inventory (NEO-PI-R), a widely used measure of the so-called "Big Five" personality traits (neuroticism, extraversion, openness to experience, agreeableness, and conscientiousness) for which population-based norms are available [22] . We calculated neuroticism and extraversion composites from NEO-PI-R subscales selected to best represent the individual's response to socially salient stimuli. These included a neuroticism composite (referred to henceforth as "emotional reactivity") based on NEO-PI-R subscales N1 (anxiety), N3 (depression), and N6 (vulnerability), and an extraversion composite (referred to henceforth as "interpersonal warmth") based on NEO-PI-R subscales E1 (warmth) and E6 (positive emotion). In addition to having face validity for the affective science constructs of interest, the subscales selected are the strongest loading variables within the neuroticism and extraversion facets; that is, of the available subscales, they are the most central to neuroticism and extraversion [23] . Composites represented sums of each subject's t scores (drawn from large sample norms, with mean 5 50 and standard deviation 5 10) for each measure to ensure a common metric across measures. Analyses included all available NEO assessments before and concurrent with PiB-PET.
Image acquisition
Participants underwent [
11 C] PiB-PET, conducted on a GE Advance scanner (GE Medical Systems, Milwaukee, WI). For subjects with more than one session of PiB-PET available, we used the scanning session closest to the latest available NEO assessment. 3D dynamic PiB-PET data acquisition was performed immediately following an intravenous bolus injection of approximately 15-mCi [
11 C] PiB with an acquisition protocol of 4 ! 0.25, 8 ! 0.5, 9 ! 1, 2 ! 3, 10 ! 5 minutes (total 70 min, 33 frames). Images were corrected for attenuation using 68 Ge transmission scans and reconstructed using filtered back-projection with a ramp filter, yielding a spatial resolution of approximately 4.5-mm full width at half max at the center of the field of view. Pixel size and slice thickness of the resulting images were 2 ! 2 mm 2 and 4.25 mm, respectively. A subset of individuals from the NEO-PiB data set additionally underwent tf-fMRI using a 3T Philips Achieva . Of these, 13 amyloid-positive individuals were included in the analysis based on strict exclusion criteria for head motion (no more than 3 mm of framewise motion in x/y/z or 3 degrees of motion in r/p/y dimensions; fewer than 1 in 10 repetition times showing transient motion spikes of more than 1 mm), focal imaging findings, and white matter disease. Twenty-six amyloid-negative individuals' scans, matched for demographics, served as a comparison group (Fig. 1 ).
PET imaging preprocessing and linear mixed models analysis
We generated parametric images of regional b-amyloid load, represented as the distribution volume ratio (DVR), using a two-compartment simplified reference tissue model with cerebellar gray matter serving as a reference region. Anatomical regions were defined using corresponding structural MRIs, as previously described [24] . The mean cortical DVR was calculated as the weighted average of values over a standard set of cortical regions. We fitted a two-class gaussian mixture model to baseline mean cortical DVR values to identify the threshold discriminating PiB-negative from PiB-positive individuals, which was determined to be 1.061, comparable to prior studies [25] . Individuals with a mean cortical DVR . 1.061 at last PiB visit were classified as PiB positive.
To avoid reliance on multiple comparisons, we used linear mixed effects models to evaluate the relationship between ultimate PiB status and longitudinal emotional reactivity and interpersonal warmth, using longitudinal emotional reactivity or interpersonal warmth as the dependent variable. Statistical analyses were conducted in SPSS 23.0 (IBM Corp, 2015) and R [26] . Fixed effects of the models included intercept, age, sex, PiB status, and the interactions of age, sex, and PiB status. Random effects included intercept and age. APOE ε4 gene carrier status did not contribute significantly to any effects and was removed from models. Where sex did not contribute significantly to effects, it was removed from models. 
Structural imaging preprocessing and analysis
Structural MRI images were inspected for focal abnormalities, artifacts, or visible motion degradation and then analyzed for between-group differences in voxel-based morphometry using SPM12's segment program with default estimation settings and standard adult tissue probability maps (Wellcome Department of Cognitive Neurology, London; http://www.fil.ion.ucl.ac.uk/spm). Images were gray-white segmented, normalized to Montreal Neurological Institute space using default low-dimensional settings, modulated, corrected for nonlinear warping, and smoothed with an 8-mm full-width half-maximum gaussian kernel. We entered PiB-positive and PiB-negative participant maps into a second-level random effects analysis masked to the whole brain and performed two-sample t-tests to test linear contrasts between PiB-positive and PiB-negative groups. Resulting statistical parametric maps were thresholded at voxelwise thresholds of P , .001 (uncorrected) and P , .05 (FWE corrected).
Functional imaging preprocessing and analysis
Task-free fMRI scans were slice-time corrected, spatially realigned to correct for motion and measure motion parameters, coregistered to each subject's anatomical image, normalized to the Montreal Neurological Institute T1 template, smoothed with a 6-mm gaussian kernel, and temporally bandpass filtered in the frequency range of 0.008-0.15 Hz.
Resulting images were then analyzed using an unbiased, whole-brain weighted degree centrality approach to assess voxel-wise connectivity. For each subject, the blood oxygen level dependent time series for a given cortical voxel was used as a covariate of interest in a whole-brain, voxelwise linear regression, controlling for nuisance covariates for mean white matter and cerebrospinal fluid blood oxygen level dependent time series, 6 motion parameters, temporal derivatives of these 8 parameters (white matter/cerebrospinal fluid/6 motion), and squares of the resultant 16 parameters, yielding 32 nuisance parameters [27] . This resultant map of that voxel's correlation to all other cortical voxels was then spatially summed to determine that voxel's weighted whole-brain degree centrality. This process was repeated for every voxel to produce a weighted whole-brain degree map. These maps were then entered into a second-level random effects analysis masked to gray matter. We performed two-sample t-tests to evaluate linear contrasts between PiB-positive and PiB-negative groups. The resulting statistical parametric maps were thresholded using a standard joint height and extent threshold of P , .05/0.05 [28] .
Using the thresholded maps, we selected significant clusters in the insula and superior temporal sulcus (STS) as regions of interest expected to correlate significantly with measures of emotional reactivity and interpersonal warmth. We extracted mean whole-brain degree values for each subject for each ROI and incorporated them into linear mixed models to evaluate the relationship between regional wholebrain degree and personality measures, with emotional reactivity or interpersonal warmth as the dependent variable. Fixed effects of these models included intercept, age, and whole-brain degree for STS or insula. Random effects included intercept and age. PiB status and sex did not contribute significantly to any effects and were not included.
Results
Participants and demographics
Participants in the larger NEO/PiB cohort were similar in handedness and years of education; more PiB-positive than PiB-negative participants were males. Because the prevalence of amyloid positivity increases with age, the amyloid-positive group was significantly older; as expected, this group also included a greater percentage of APOE ε41 individuals. On psychometric testing, PiB-positive and PiB-negative participants scored similarly well on a measure of global cognition [29] . PiB-positive participants reported greater depressive symptoms, though their scores fell well below the clinically significant range [30] , and had lower verbal episodic memory scores [31] than PiB-negative participants, though their scores, again, fell within the normal range (Table 1) . For the imaging analysis, subjects were matched for age at scan, APOE ε4 status, and other demographic variables. There were no significant between-group differences on any of these measures, with the exception of handedness (two left-handed individuals were included in the amyloid-positive group; only one appropriate amyloidnegative match was available) ( Table 2 ).
3.2. Amyloid-positive individuals show increasing emotional reactivity, and amyloid-positive women show a greater decline in interpersonal warmth, with age PiB-positive adults showed significant increases in emotional reactivity over time (b 5 0.49, t 5 4.4, P , .001), unlike PiB-negative participants (b 5 20.08, t 5 21.0, P 5 .335), whose scores were consistent with past studies describing a decline in neuroticism in healthy older adults [32] (Fig. 2A) . There was a significant interaction between PiB status and age in determining emotional reactivity (b 5 0.55, t 5 4.0, P , .001), such that amyloid-positive participants showed increasing emotional reactivity with age compared with their amyloid-negative counterparts.
Although both PiB-negative (b 5 20.22, t 5 24.1, P , .001) and PiB-positive (b 5 20.29, t 5 23.8, P , .001) adults showed an overall decline in interpersonal warmth with age, consistent with past research in healthy aging samples [32] , there was a significant three-way interaction between PiB status, age, and sex in determining interpersonal warmth (b 5 0.61, t 5 3.3, P 5.001), such that there was a greater decline in PiB-positive women (Fig. 2B) .
Linear mixed models were rerun in the smaller cohort included in tf-fMRI analysis to ensure that it would serve as a representative group for psychometric imaging correlations, and the same effects were observed. Specifically, we again found a significant interaction between PiB status and age on emotional reactivity (b 5 0.53, t 5 3.0, P 5 .003), as well as a significant three-way interaction between PiB, age, and sex in determining interpersonal warmth (b 5 0.54, t 5 2.1, P 5 .028). 3.3. Voxel-based morphometry shows no differences between amyloid-positive and amyloid-negative groups At voxelwise thresholds of P , .001 (uncorrected) and P , .05 (FWE corrected), voxel-based morphometry assessment revealed no differences in gray matter volume between cognitively normal amyloid-positive and amyloidnegative individuals.
Amyloid-positive individuals show higher wholebrain degree centrality within insula and STS
In whole-brain degree analysis, we found significantly higher global connectivity within the right insula and STS, left hippocampus and entorhinal cortex, and bilateral midbrain and midline pons, and cerebellum in amyloidpositive older adults compared with matched amyloidnegative individuals (height by extent threshold, P , .05, P , .05; Fig. 3A) .
No clusters showed significantly lower connectivity for amyloid-positive, relative to amyloid-negative healthy individuals.
Higher STS connectivity predicts lower interpersonal warmth and increased emotional reactivity
There was a main effect of STS connectivity in predicting interpersonal warmth, such that higher STS connectivity was associated with lower interpersonal warmth (b 5 22.8 ! 10 24 , t 5 22.0, P 5 .049) scores across participants regardless of PiB-PET status. There was a weak and opposite trend for emotional reactivity, such that higher STS connectivity was associated with increased emotional reactivity across subjects (b 5 3.6 ! 10 24 , t 5 1.7, P 5 .106).
There was no significant relationship between personality measures and insular connectivity.
Discussion
Our data show that longitudinal increases in emotional reactivity, and decreases in interpersonal warmth in women, can be detected in cognitively normal older adults with evidence of amyloid deposition. These observations build upon an emerging literature showing that adults with higher neuroticism at a single time point in midlife are at higher risk of late-onset AD [6] . The increases in emotional reactivity in PiB-positive individuals stand in contrast to older adults in general, who show decreasing neuroticism in large longitudinal studies [32] .
Furthermore, we found that amyloid-positive individuals show higher global connectivity within the right anterior insula and STS, brain regions that play key roles in social processing, and that hyperconnectivity of the STS is associated with lower interpersonal warmth and a trend toward increasing emotional reactivity. Importantly, these functional changes were seen despite normal performance on cognitive tests and in the absence of structural atrophy. The right ventral anterior and mid-insula represent important nodes within the salience network, a system critical for socially adaptive behavior [33] . The anterior insula, a hub for autonomic processing, is thought to support conscious awareness of the emotional and visceral state of the organism, based on integration of a wide variety of perceptual and interoceptive inputs [34] [35] [36] . Interestingly, the right hemisphere has been proposed as the dominant hemisphere for sympathetic autonomic processing [37] [38] [39] .
The STS, a part of the posterior subnetwork of the DMN, supports key spatial and cognitive aspects of social functioning, including assessments of voice prosody, trustworthiness in faces, others' gaze, and theory of mind [40] [41] [42] . Lower STS volumes correlate with higher emotional contagion, a form of reactivity, in individuals with amnestic mild cognitive impairment and AD [3] , suggesting that hyperconnectivity in the presymptomatic phase may give way to degeneration in the symptomatic phase, as proposed by some network spreading models of AD [43] . Hyperconnectivity to both insula and STS, then, could result in heightened visceral and perceptual sensitivity to salient social cues, leading to increased autonomic arousal that engenders decreased interpersonal warmth and increased emotional reactivity.
We found no regions of lower global connectivity for amyloid-positive healthy older adults compared with those without evidence of amyloid deposition. Several studies, using seed-, template-, or intrinsic component analysis-based approaches to focus analyses on structures within the DMN, have shown lower connectivity within the DMN in amyloid-positive individuals [11, 13, 14, 44] . However, work in preclinical AD has also identified higher in-network functional connectivity from multiple DMN nodes, including a node in the middle temporal gyrus bordering the STS [11] . Other recent work demonstrates that, although the early presence of amyloid correlates with lower local connectivity within the posterior DMN, it also predicts higher connectivity from the posterior DMN to high-connectivity frontal nodes [43] . Coupled with this previous work, the current findings suggest that global hyperconnectivity from posterior division nodes of the DMN may be as important an effect of early amyloid pathology as local DMN subnetwork hypoconnectivity.
That our global, data-driven connectivity analysis did not reveal any regions of lower connectivity in amyloid-positive individuals may suggest that early amyloid-driven hypoconnectivity is restricted to local connectivity within subnetworks (i.e., the anterior or posterior DMN) in preclinical AD, while early relative hyperconnectivity to the STS, insula, and other regions (including, in our sample, the left hippocampus) may reach across subnetworks and across networks. Notably, healthy middle-aged carriers of the APOE ε4 allele show higher connectivity between salience network and DMN structures [45] . Early brainstem sites of tau deposition such as the locus coeruleus [46] would be well positioned to drive such cross-network hyperconnectivity; interestingly, we found higher global connectivity in amyloid-positive individuals in a pontine region including the locus coeruleus and the parabrachial nucleus. Parallel findings are emerging in animal research, with new data showing that transgenic amyloid-overexpressing mice have a transient period of striking DMN-like and frontocingular hyperconnectivity during midlife, which diminishes with progressive amyloid accumulation [47] .
In the present study, regional STS hyperconnectivity predicted increasing emotional reactivity and decreasing interpersonal warmth, a relationship that was independent of amyloid status. Because we only assessed for amyloid near the end of longitudinal personality data included in this report, this finding raises a critical question: is insular and STS hyperconnectivity an effect of early amyloid deposition on the brain or a marker of a preexisting trait that predisposes to amyloid deposition? One theoretical model posits that individuals with preexisting hyperconnectivity may be more vulnerable to amyloid spread [43] . Conversely, in the mouse model of amyloidosis cited previously, investigators found that DMN-like and frontocingulate hyperconnectivity could be suppressed by administering antiamyloid antibodies [47] , suggesting that excess amyloid accumulation is the cause of hyperconnectivity in this model. Longitudinal studies that incorporate personality and cognitive assessments with PET-amyloid and fMRI measures are ongoing and should inform this important issue in humans.
We did not find evidence for an effect of the APOE ε4 allele on emotional reactivity or interpersonal warmth in this preclinical population. Because the older average age of the cognitively healthy subjects in this study may select for ε4 carriers who are unusually resilient, our findings are not incompatible with prior studies, which have shown preclinical changes in ε4 carriers. Our findings also suggest that amyloid deposition, rather than APOE status or even clinical cognitive impairment, may be the key factor mediating personality changes in at-risk individuals. This could potentially account for the findings of a larger study in the BLSA showing that individuals later clinically diagnosed with mild cognitive impairment or AD (without amyloid testing) did not show increasing neuroticism over time compared with others [48] . To clarify these matters, future studies should examine the relationship between early amyloid deposition, the presence of an ε4 allele, and emotional reactivity in cognitively healthy individuals across the life span.
Finally, our findings run contrary to our expectations that amyloid-positive individuals would show increases in interpersonal warmth alongside increased emotional reactivity. Notably, amyloid positivity had an effect on interpersonal warmth only for amyloid-positive women, who showed higher interpersonal warmth at baseline. In individuals with higher interpersonal warmth at baseline, such as the amyloid-positive women in our sample, could increasing emotional reactivity undermine these qualities rather than enhancing them? And might higher interpersonal warmth in midlife reflect a milder, socially adaptive stage of enhanced emotional reactivity? Further clarifying this finding could allow for the early identification of individuals who are most vulnerable to neuropsychiatric symptoms in AD.
Ongoing prevention studies are evaluating the potential efficacy of antiamyloid immunotherapy during the earliest stages of AD, with recent studies suggesting that intervention offered early enough in the disease process may lead to radiographic and potentially symptomatic improvement [49, 50] . The increasing focus on preclinical AD pathophysiology highlights the importance of early identification of individuals who will go on to develop AD. Our work suggests that increasing emotional reactivity is an early and significant feature of AD, which precedes clinically appreciable cognitive symptoms or significant structural atrophy. Our data further suggest that these features may relate to higher connectivity in key cortical regions subserving social and emotional processing. 
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RESEARCH IN CONTEXT
1. Systematic review: Amyloid-positivity is the first stage of preclinical Alzheimer's disease (AD). We used online databases to review the literature, which suggests that amyloid positivity is associated with characteristic changes in functional connectivity, and that changes in affect precede cognitive decline in AD. However, the longitudinal nature of emotional changes in amyloid-positive but cognitively asymptomatic individuals, and their relationship to functional connectivity, is unknown.
Interpretation:
We show longitudinal changes in emotionality in cognitively asymptomatic individuals later found to be amyloid positive. Amyloid-positive individuals showed higher global connectivity within the right insula and superior temporal sulcus, regions that play key roles in social processing. Hyperconnectivity of the superior temporal sulcus was associated with decreasing interpersonal warmth.
3. Future directions: Future studies should use longitudinal measures of affect, amyloid positivity, and fMRI to determine whether changes in emotionality and associated hyperconnectivity in relevant regions are effects of early amyloid deposition or markers of preexisting traits that predispose to amyloid deposition.
